Abstract
INTRODUCTION
Invasive alien plants are known to exert detrimental effects on biodiversity and community dynamics, with reports of decreases in species diversity, the displacement of native species and the formation of mono-specific stands (Bailey 2003; Pyšek 1991) . The majority of studies have focused on the impacts of invasive species on the standing vegetation (see Mack et al. 2000 for a review), but there is increasing evidence that invasive plants may also significantly affect the soil seed bank at invaded localities (Brock 2003; Gioria and Osborne 2008, 2009; Vilà and Gimeno 2007) .
Soil seed banks are known to play a major role in determining the structure of plant communities, in the colonization of new areas and as a source of genetic variability (Harper 1977; Levin 1990 ; Thompson and Grime 1979; van der Valk and Davis 1978; Venable and Brown 1988) . Invasions by alien plant species may alter the composition and abundance of soil seed banks (i) directly, via the formation of either a transient or a persistent seed bank (sensu Thompson et al. 1997) for sexually reproducing species, and/or (ii) indirectly, via changes in the composition of the standing flora, alterations in ecosystem processes and functioning, as well as changes in the availability and quality of resources, such as light and nutrient levels. It is clear that any alterations in the soil seed bank will in turn affect the recruitment of species from the vegetation. A decline in the diversity and abundance of seeds of resident species can further impoverish the diversity of the standing vegetation, while the formation of a persistent seed bank can act as a reservoir of propagules, possibly playing a crucial role in supporting future expansions.
Assessing the potential for a species to become invasive outside its native range requires information on the type of soil seed bank for sexually reproducing species and on the persistence of its seeds in the soil, as well as on the characteristics of any effects on the below-ground vegetation. The main purpose of this paper was to characterize changes in the seed bank associated with invasions by the perennial plant Gunnera tinctoria (Molina) Mirbel (Gunneraceae), as well as to provide a detailed description of its seed bank. This species, native to South America (Molina 1978) and among the largest herbaceous species in the world (Bergman et al. 1992) , is naturalized in a number of countries, including north-western France and parts of California and Australia (http://plants.usda.gov; Williams et al. 2005) , and is invasive in New Zealand, Ireland, Britain and the Azores (Osborne et al. 1991; Pena 1995; TRC 2001) . The ecological impacts of G. tinctoria invasions are particularly severe on coastal cliffs, which often support many native species, including species of national and regional significance, both in Ireland (Gioria and Osborne 2008) and in New Zealand (de Lange et al. 2004; TRC 2001) . In Sã o Miguel Island, Azores, this species is naturalized in areas of conservation interest, where it threatens the survival of under-represented native communities and reduces their ecological value (Pena 1995; L Silva, personal communication) . In New Zealand, G. tinctoria has been long recognized as a weed of conservation land (Owen 1997) and, in Ireland, it has been recently added to the list of top invaders for preventative control (www.epa.ie). In Britain and Ireland, a substantial increase in spread has been recorded between pre-1960 pre- and 1988 pre- (Preston et al. 2002 Rich et al. 2001) , probably as a consequence of the abandonment of agricultural land as well as urban and tourism developments. This suggests that G. tinctoria may have a much greater potential range expansion and a larger impact in the future. Moreover, expansion in its range could be particularly favoured by projected increases in winter rainfall and summer temperatures associated with climate change (Osborne 2007) .
Previous investigation has established that G. tinctoria, a popular species in botanic gardens and parks worldwide, has a high invasive potential in areas characterized by a Mediterranean or oceanic climate (Gioria and Osborne 2008; Pena 1995; Williams et al. 2005) . However, information on the ecology and biology of G. tinctoria is limited and fragmentary. In particular, there is little information on the reproductive capacity of G. tinctoria or on its ecological effects on native communities.
To improve our understanding of the invasive potential of G. tinctoria and its effects on resident communities, (i) we characterized the seed bank of this invader at different spatial and temporal scales and (ii) we tested the differences in the structure (dominance, composition and abundance) of the seed bank between invaded and comparable uninvaded areas. These results are important for the development of control and restoration measures, which must be based on information on the size and persistence of the seed bank of the invasive species to remove.
METHODS

Study species
Gunnera tinctoria is a gynomonoecious polycarpic hemicryptophyte, with insect-pollinated flowers (Molina 1978) that are regularly distributed on inflorescences up to 50-100 cm long. The number of inflorescences per plant varies from two to three in Ireland (Gioria 2007 ) and three to four in New Zealand (Williams et al. 2005) . Seeds are small and spherical (1.2 3 1-1.5 mm diameter; Williams et al. 2005) and are produced in large numbers, with up to 7 3 10 5 seeds per plant (Osborne et al. 1991) . Previous investigation showed that seeds are non-dormant at maturity (sensu Nikolaeva 1977) and possess a rather narrow range of light and temperature requirements for germination; water availability is also important for seed germination, although young seedlings may be vulnerable to waterlogged conditions (Gioria 2007) . In addition to sexual reproduction, G. tinctoria may reproduce via plant fragmentation or horizontal rhizomes, which are predominantly aboveground structures. Details on the morphology, flowers and inflorescences may be found in Cronquist (1981) and Takhtajan (1997) . In its native range, G. tinctoria occupies an area encompassing either a temperate climatic zone with a predominant Mediterranean climate or a tropical moist climate sub-zone (Gioria 2007) . The areas where this species is naturalized or invasive are also within the temperate zone, in regions characterized by a Mediterranean or an oceanic climate, typically where winter temperatures are mild and humidity is high. There, G. tinctoria is primarily found close to sea level at low altitudes (Hickey and Osborne 2001; Pena 1995; Williams et al. 2005) .
Study area
The study was conducted in 2005 on Achill Island (53°51# and 54°01# N, and 9°55# and 10°15# W), an island off the west coast of Ireland, linked to the mainland by a causeway, where G. tinctoria is invasive. There, annual rainfall is high (>1 500 mm) and temperatures range from 3.1°C (average minimum) to 8.2°C (average maximum) in January, and from 11.1 to 16.8°C in July (www.met.ie). The precipitation and temperatures in 2005 when the analyses were carried out were within these ranges. Annual rainfall in the area was 1399 mm; average maximum temperature was 13.9°C in May and 14.7°C in October, while average minimum temperature was 7.7°C in May and 9.5°C in October.
Assessment of the impact of G. tinctoria on the soil seed bank was based on a comparison of three sites with invaded and nearby uninvaded control areas. Samples were collected from two grassland communities (Site 1 and Site 3) and from a wet meadow (Site 2). At each site, G. tinctoria dominated the vegetation of invaded areas and formed a dense canopy (100% cover) by June.
The possibility that the uninvaded areas were different to the areas occupied by G. tinctoria was limited by selecting closely adjacent invaded and uninvaded areas, thereby limiting any inherent habitat-related differences. The presence of invaded and uninvaded areas within field boundaries or clearly demarcated areas also reduced the possibility that the sites examined differed in composition and in land-use history prior to colonization. The relatively small size of the study areas (100 m 2 each) used would also minimize spatial differences in land use or disturbance regimes that may have contributed to inherent differences between invaded and uninvaded areas. Moreover, information obtained from previous and current landowners, as well as local environmental officers, confirmed that the study sites were similar in composition prior to invasions. They also indicated that the residence time of G. tinctoria at the study sites was approximately 40-50 years.
Seed bank assessment
Soil samples were collected once (i) in May, after a peak of germination of G. tinctoria seeds (Hickey and Osborne 2001) , and (ii) in October, after maturity and dispersal. To account for the often recorded high variability of the distribution of seeds in the soil (Thompson and Grime 1979; van der Valk and Davis 1978) , four 4-m 2 plots were randomly established in two 100-m 2 study areas (one invaded area and one adjacent uninvaded control area). Five soil cores (5-cm diameter, 20-cm depth) were randomly collected at each sampling occasion from each plot, and each soil core was divided into three depth categories (0-5 cm, 5-10 cm and 10-15 cm). An area of 785 cm 2 , corresponding to a volume of 11 781 cm 3 , was sampled in each invaded and uninvaded area. Seed bank composition was estimated using the seedling emergence approach and was expressed as the number of seedlings of each species per unit of soil surface in square metres (Thompson and Grime 1979) . Details of the procedure used to process samples can be found in Gioria and Osborne (2008) . In brief, soil samples, mixed with compost over a layer of sand, were placed in plastic pots (10-cm diameter) and were randomly located in glasshouses at the Horticultural Research Unit, Thornfield (University College Dublin). A large number of control pots, which were randomly positioned among the sample pots at a ratio of 1:5, were used to detect and quantify contamination caused by airborne seeds. The position of the sample pots, which were kept moist by daily watering, was changed every 4 weeks. The glasshouses were left unheated in order to expose seeds to a wide range of temperatures. Removal of seedlings occurred soon after germination and, if not immediately identifiable, they were transferred to separate pots until identification was possible. Species recorded in both experimental and control pots (i.e. Oxalis corniculata L.) were not included in the analysis. To stimulate the germination of buried seeds in the pots, the soil was disturbed and inverted every 2-4 weeks. Seedling emergence was recorded on a weekly basis for 52 weeks for both samples collected in May and in October. Seedlings of G. tinctoria were recorded for an additional 20 weeks to obtain more detailed information on germination dynamics, although only data for 52 weeks were used for multivariate analyses. Persistence was inferred from the depth of viable seeds in the soil (Thompson et al. 1997) . A census of the standing vegetation at the study sites was conducted between April and October 2005, on a monthly basis, to provide additional information on seed persistence. The germination of seeds of species that were not recorded in the vegetation may, in fact, provide an indication of whether and for how long these seeds can persist in the soil (Thompson et al. 1997) .
Data analysis
Characterization of the effects of G. tinctoria on invaded seed bank communities was based on a combination of univariate, graphical/distributional and multivariate analyses (see Gioria and Osborne 2009 for details). All analyses were based on a hierarchical design consisting of four factors: (i) site (three levels: random), (ii) invasion (two levels: fixed, crossed), (iii) plot (four levels: random, nested in invasion and site) and (iv) depth (three levels: fixed, crossed), with n = 5 observations per combination of levels of factors.
Multi-species seed bank data (fourth-root transformed) were analysed using four statistical procedures. Permutational multivariate analysis of variance (PERMANOVA; Anderson 2001) was used to test hypotheses about differences in the structure (composition, diversity and abundance) of invaded and uninvaded communities. This method was used as it can provide an analysis of the effects of multiple factors on multi-species data sets, while providing a partitioning of the variation and allowing the use of any dissimilarity measure. A modified version of the Gower distance measure proposed by Legendre and Legendre (1998) was selected as a measure of dissimilarity as it was found to be appropriate for the analysis of seed bank data (Gioria and Osborne 2009 ). Differences in species composition were assigned the same weight as differences in relative abundance, and joint absences were excluded from the calculations. PERMANOVA tests were based on 9 999 restricted permutations of raw data, with a = 0.5. Similarity percentages analysis (SIMPER; Clarke 1993) was used to assess the contribution of individual species to similarities between and within invaded and uninvaded seed bank communities.
Non-metric multidimensional scaling (nMDS; Kruskal and Wish 1978) was used as an ordination method and to visualize multivariate patterns in the data. To reduce the complexity of the nMDS plots, the data were pooled for the factor 'depth'. Finally, dominance-diversity curves, based on species rankings, were used to display patterns of dominance in invaded and uninvaded communities, either including or excluding the seedlings of the invader. Multivariate analyses and dominance-diversity curves were performed using the statistical package PRIMER v.6 and PERMANOVA Plus (Anderson et al. 2008; Clarke and Warwick 2001) .
RESULTS
The seed bank of Gunnera tinctoria Gunnera tinctoria formed a copious and persistent seed bank at the study sites, with a mean value of 32 120 6 31 837 seedlings per square metre (mean 6 standard deviation) in May and 28 308 6 16 176 seedlings per square metre in October (Fig. 1) . The majority of seedlings (70%) germinated from the upper 0-5 cm soil layer, while approximately 10% of the seedlings emerged from the deepest (10-15 cm) soil layer. Germination in the glasshouses was asynchronous throughout the year, although virtually no seedlings emerged between October and the beginning of the following spring, independently of the study site and time of sampling (Fig. 2) . Seeds collected in May began to emerge a week after potting and a peak of germination was recorded during the summer months both during the first and the second year of monitoring. For seeds collected in October, seedlings began emerging early in spring, together with those collected in May. Only a small number of G. tinctoria seedlings were found in the seed bank of invaded areas (Table A1) .
Effects of Gunnera tinctoria on the seed bank of resident species
In total, 46 species (31 genera, 19 families) were recorded from the seed bank invaded by G. tinctoria (Table A1 ), compared to 61 species (42 genera, 23 families) recorded in uninvaded areas. The seed bank of G. tinctoria accounted for a large proportion of the total number of seedlings recorded in invaded areas, both in May (Site 1 = 80.7%; Site 2 = 56.5%; Site 3 = 78.3%) and in October (Site 1 = 86.2%; Site 2 = 53.2%; Site 3 = 81.9%). The lower proportion of G. tinctoria seedlings at Site 2 (wet meadow) compared to that at Site 1 and Site 3 (coastal grasslands) was due to the high proportion of seedlings of Juncus effusus L. at that site (33.2% in May and 38.8% in October).
PERMANOVA analyses showed that seed bank communities invaded by G. tinctoria were significantly different from uninvaded ones (Table 1) , both in May (pseudo-F = 5.336, P < 0.001) and in October (pseudo-F = 8.710, P < 0.001). Details on expected mean squares for the full model and on the components of variation are presented in Tables S1 and S2 (online supplementary material). Despite the large variability of seed bank data within each site and across sites, pair-wise a posteriori comparison showed that the differences between invaded and uninvaded seed banks were significant for each combination of site and depth (Table S3 in online supplementary material). The patterns identified by PERMANOVA were observable in the nMDS plots (Fig. 3) , which displayed a strong effect of invasion at each site. SIMPER analyses indicated that the average dissimilarity between the seed bank of invaded and uninvaded areas after excluding seedlings of G. tinctoria was high, both in May (79.55%) and in October (84.66%; Table 2 ). Gunnera tinctoria was the species that contributed most to the dissimilarities between invaded and uninvaded communities. Seedlings of Juncus species, Urtica dioica L., Ranunculus acris L. and Spergula arvensis L. consistently contributed to dissimilarities between invaded and uninvaded seed banks because of their larger relative abundance in invaded areas. These species were responsible for over 90% of the similarities between the seed banks of invaded areas, while over 13 species contributed to 90% of the similarities between the uninvaded seed banks (Table 3) . These results were indicative of higher dominance in invaded seed banks, which was visualized by dominance diversity curves (Fig. 4) . A list of species found in the seed bank and/or in the standing vegetation at the study sites is presented in Table A2 . Data are fourth-root transformed. df, degrees of freedom; SS, sums of squares; MS, mean square; F = F test; P(perm), P value calculated using PERMANOVA. Data are fourth-root transformed. Seedlings of G. tinctoria were excluded from the analysis; SD, standard deviation. 
DISCUSSION
Assessment of the impact of G. tinctoria on the soil seed bank was based on the comparison of three sites with closely adjacent invaded and uninvaded areas (control) where there was evidence for similar vegetation and land-use history prior to invasion. The small size of the study areas and information provided by landowners, as well as the presence of physical boundaries enclosing invaded and uninvaded areas, support our contention that the species composition of invaded areas was similar to that of the control areas prior to colonization. The main advantage of the approach used is that detailed information can be collected over a relatively short period of time, providing a more immediate assessment of the impact of plant invasions that might normally be possible if this had been dependent on the availability of long-term data sets.
The seed bank of Gunnera tinctoria
Gunnera tinctoria formed a large persistent seed bank at the sites examined, ranging from approximately 15 000 seedling per square metre at a coastal grassland community to 50 000 at a wet meadow community. Germination in the glasshouse was asynchronous and occurred throughout the year, with the exception of the late autumn and winter months. The recording of two peaks of germination during two summer seasons after potting of the samples suggest that those seeds that get incorporated into the soil become dormant because of the absence of suitable conditions for germination. Differences in the seed bank of G. tinctoria across sites could depend upon a number of factors. Gunnera tinctoria seedlings were observed only within coastal grasslands, either beneath the canopy or on the rhizomes, while no seedlings were found close to the adult individuals in the wet meadow. In laboratory experiments, light and particularly temperature were found to be major determinants of seed germination (Figueroa 2003; Gioria 2007) . No germination was found at constant temperatures of 15 or 10°C (Gioria 2007) . While soil temperatures tend to be low and relatively constant at the wet meadow site, typically not exceeding 15°C, at the coastal sites improved drainage, combined with higher soil temperatures, may have promoted the germination of seeds found on or close to the soil surface. Furthermore, the low oxygen conditions associated with the wet meadow may have also inhibited germination, promoting the formation of a large, but still viable, seed bank. A supply of oxygen/air is, in fact, a typical requirement for seed germination and seedling establishment (Bewley and Black 1978) . Another important factor responsible for differences in the size of the seed bank at different locations may have been salinity and exposure to salt spray, which may have affected fecundity and the input of seed rain. Seed polymorphism (seeds of different morphology or behaviour) either within the same population or within the same inflorescence, as well as phenotypic plasticity, may also have contributed to the large variation across habitat types, although further investigations are required to examine this.
Seed production for G. tinctoria was comparable to that of other wetland species, such as Juncus effusus L., Lythrum salicaria L., Juncus bufonius L. and Typha latifolia L. The seed bank of G. tinctoria was also large compared to that of other major invasive wetland species, such as Fallopia japonica (Houtt.) Ronse Decraene (Bailey 1994) , Impatiens glandulifera Royle (Beerling and Perrins 1993; Grime et al. 2007) , Ambrosia artemisiifolia L. (Rothrock et al. 1993; Thompson et al. 1997) and Heracleum mantegazzianum Sommier and Levier (Krinke et al. 2005; Gioria and Osborne 2008, 2009 ). Previous investigation showed that the number of seedlings emerging in situ was low (approximately 100 seedlings per square metre; Hickey 2002), suggesting that some disturbance is required to bring the seeds to the surface even in areas where the environmental conditions may be favourable and that, once established at a site, vegetative spread and colonization through the dispersal of plant fragments are likely the most important factor for the maintenance of the species at a locality. This indicates that currently the contribution of sexually produced progeny to the invasive populations is negligible and that each established colony comprises individuals with a rather limited genetic variability. However, rare recruitment from the seed bank could result, over time, in populations with significantly increased genetic variability (Eriksson 1997 ). This could further contribute to an enhanced invasive potential for this species.
The seed banks of resident species
Soil seed banks associated with G. tinctoria were significantly less diverse and abundant compared to those found in comparable uninvaded areas. Dominance was higher in invaded seed bank communities, independently of the presence of seedlings of the invader, reflecting increases in the contribution of certain species in the above-ground vegetation, such as U. dioica and Stachys sylvatica L., as well as those that form a persistent seed bank. Depletion and an increased homogenization of the soil seed bank in invaded areas was recorded from all depth categories, both in May and in October, indicating that G. tinctoria has the potential to alter even the more persistent component of the seed bank.
Overall, our results indicate that seed persistence may be important in buffering the effect of species displacement from the vegetation and in maintaining diversity at the community level, as previously suggested (Bakker et al. 1996; Stocklin and Fisher 1999) . Invaded communities were dominated by seeds of Juncus species and agricultural weeds, such as U. dioica, R. acris, Spergula arvensis, and Stachys sylvatica L., all of which tend to produce a large number of small seeds (Baker 1974) and to form a large seed bank (Chippindale and Milton 1934; Thompson and Grime 1979) . Because the G. tinctoria understorey is relatively open M Gioria (personal observation), dispersal of seeds of weeds that grow in invaded areas could be favoured by the new vertical and horizontal structure created by these invaders.
Although not tested, the degree of correspondence between the composition of the standing vegetation and that of the seed bank was low, with the exception of a few species found in the invaded vegetation. The seed bank of Juncus species was particularly large in invaded areas, where these species were present prior to invasions, although they are now absent from the standing vegetation. Grass species characterized by large persistent seed banks, such as Agrostis stolonifera L., Holcus lanatus L. and Poa trivialis L., were also recorded from the seed bank of invaded areas, although their abundance was substantially less in uninvaded sites. Conversely, species such as Poa annua L., Ammophila arenaria (L.) Link and Festuca rubra L. were not found in the invaded seed bank possibly because they may only form a transient seed bank (Thompson et al. 1997) .
Despite not being rigorously examined, there was evidence for a negative relationship between seed size and seed persistence, as predicted by Thompson et al. (1998) for temperate climates. The most abundant species in the deepest soil layer were small seeded and included U. dioica, J. bufonius and J. effusus, as well as G. tinctoria. Conversely, larger or elongated seeds, including Rumex crispus L., Stachys sylvatica and Lolium perenne occurred predominantly on or close to the surface.
A number of factors may have contributed to differences in soil seed bank communities associated with G. tinctoria invasions (Gioria 2007) . The displacement of certain species from the standing vegetation was likely a major determinant of differences in invaded and uninvaded seed bank communities. Roberts and Feast (1973) showed that the abundance of viable seeds declined exponentially when local seed rain was experimentally prevented. In a study on the persistence of calcareous grassland species in the soil seed bank under developing and establishing scrub, Davies and Waite (1998) also found that the seed bank of species of open grasslands were unable to persist under developing scrub in the absence of continuous seed rain.
Decreases in the seed rain may also have followed increases in primary productivity and above-ground biomass that are typically found in areas invaded by G. tinctoria (Hickey 2002) . Changes in the vertical structure of invaded communities associated with the production of a large biomass, developed early in spring, likely resulted in the creation of a physical barrier to seed dispersal, and/or the shading-out or suppression of germination for many light-demanding species. The formation of an extensive and persistent litter layer may also have contributed to species-specific differences in the survival of seeds, as previously reported (Peterson and Facelli 1992) . The presence of litter likely also impacted germination and seedling establishment through modifications in both biotic and abiotic factors such as water availability, temperature and herbivory, as well as physically preventing seeds from reaching the soil. The regenerative strategies possessed by resident species may also have contributed to differences between the seed bank of invaded and uninvaded areas, with species reproducing both sexually and asexually possibly relying on vegetative propagation because of the introduction of a new disturbance regime (Gioria and Osborne 2008) .
CONCLUSIONS
This study showed that G. tinctoria has the potential to significantly alter the structure of the seed bank of invaded communities, as well as having a capacity to accumulate a large reservoir of buried viable seeds. The presence of a large seed bank in particular will have direct implications for the development of appropriate management and restoration programs. Because of the large number of seeds found throughout the soil profile, but particularly because of the presence of seeds in deep soil layers, the eradication of this species in many areas may be an unrealistic objective. This will depend on whether the conditions required for promoting successful germination increase in the future. Due to the decline in the seed bank of resident species, which is a function of the period of time since their disappearance from the vegetation (Bakker et al. 1996) , this will require the sowing of seeds of desirable species as part of any restoration programs. The results of this study also showed that any disturbance associated with the eradication of G. tinctoria could provide an opportunity for the recruitment of seeds of undesirable opportunistic species, such as Juncus species and agricultural weeds, as well as increasing the number of seedlings of the invader.
Future research should be directed towards improving our understanding of the time scale associated with any changes induced by G. tinctoria invasions. In order to improve our understanding of the potential for this species to become invasive at a locality, future research should also be directed towards improving our understanding of the conditions promoting seed germination and recruitment, as well as the role of vegetative reproduction in the colonization of new habitats. Such investigations should be related to various climatic scenarios. Due to the tendency for this species to occupy areas characterized by maritime conditions, mild winter temperatures and wet environments (Osborne et al. 1991; Osborne and Sprent 2002; Pena 1995; Williams et al. 2005) , predicted changes in climate involving increases in winter temperature and rainfall could promote an expansion in the invasive range of G. tinctoria (Osborne 2007) . While our results were restricted to studies in Ireland, they should have wider applicability to invasive populations of G. tinctoria in other parts of the world as they are associated with similar environmental conditions and habitats (Osborne and Sprent 2002) . They are also relevant to an increased understanding of the role of seed banks in invasions by other plant species. Table A2 : species recorded from the seed bank and the vegetation of areas invaded by Gunnera tinctoria (I) and uninvaded areas (U), at three sites 
Species
Seed bank Vegetation
